Interfacial fatigue cracks were propagated in Cu/sapphire bicrystals with (110) Cu (101( 0) Al2O 3 /[001] Cu [0001] Al2O 3 to study the effect of anisotropy and slip geometry in the fracture process. Compact tension specimens with two different crystallographic crack growth directions were loaded to DK Ia #2 Mpa m 1/2 with R 0. Interfacial cracks grew preferentially along 110 Cu and less favorably along 001 Cu . Large areas of the copper fracture surface were relatively featureless for crack growth along 110 Cu , whereas well defined striations could be observed for the second direction. A refined elastic analysis of the anisotropic near-tip fields for the interfacial crack revealed that the preferential crack growth direction had the highest energy release rate and mode I crack tip opening displacement. The second direction corresponded to a minimum mode II mix. Similar correlations were found in other Cu/sapphire bicrystal experiments described in the literature. Dislocation nucleation from the interfacial crack tip is also analyzed.
Introduction
The fracture behavior at metal -ceramic interfaces has received considerable attention, since it is highly relevant to deformation and failure processes in electronic components and composite materials. Interfaces that have been studied in detail are those between alumina, either poly-or monocrystalline, and metals, as evidenced by the extensive literature available on the topic [1] [2] [3] [4] [5] [6] [7] [8] [9] [10] [11] [12] . These studies have shown a variety of interesting phenomena associated with the fracture behavior at these interfaces.
Turner and Evans [9] showed that the fracture behavior of gold/sapphire interfaces under monotonic loading is influenced by crystallographic slip on the metal side. They found a correlation between features in the fracture surface and slip markings on individual grains in the metal film, which had a strong crystallographic texture. Experiments in Cu/sapphire bicrystals by Beltz and Wang [1] showed that there were strong directional effects on the behavior of an interfacial crack under monotonic loading. Fatigue fracture studies in interfaces between alumina and aluminum (both polycrystalline) [6, 10] , have shown that fatigue cracks tend to stay at the interface for low and medium values of the loading and that striations are indeed formed in the metal side. This implies that plastic blunting of the crack tip must play an important role in the growth of fatigue cracks at these interfaces. In metals, fatigue cracks grow through a double forward-slip mechanism, whereby slip bands produce plastic blunting of the crack tip at both sides of the fracture plane. In addition, fatigue cracks follow a path that provides the optimum slip conditions for this plastic blunting process [13 -15] . The double forward slip ahead of the crack tip needed to produce crack-tip blunting in this fashion is not possible for cracks along metal/oxide interfaces, since in most cases only the metal can provide crystallographic slip. Furthermore, the strong constraints produced by the sapphire are likely to affect significantly these mechanisms for Cu/sapphire interfaces. This brings out questions about the specific mechanisms for interfacial crack growth in this bimaterial system and their precise relationship to the slip geometry in the metal side. Peralta et al. [12] , showed that preferred directions for interfacial fatigue crack propagation in Cu/sapphire bicrystals are related to the behavior of the stress fields at the crack tip, in particular to their variation due to elastic anisotropy. In this paper, additional results related to fatigue crack growth in Cu/sapphire bicrystals are presented. In particular, the elastic analysis presented in [12] is refined to take full account of the trigonal symmetry of sapphire. This refined analysis is used to find correlations between the observed behavior in compact tension (CT) specimens and important variables such as mode I crack tip opening displacement (CTOD). The refined analysis is also carried out for other Cu/sapphire bicrystal experiments described in the literature to verify the validity of the found correlations. In addition, the energetics of dislocation nucleation from the interfacial crack tip is analyzed following the procedure proposed by Wang [11] , with modifications to account for the variations of the stress fields due to elastic anisotropy.
Experimental
Cu/sapphire bicrystals were prepared by diffusion bonding in the form of cylindrical specimens. Details of the procedure were reported in [12] . The crystallography and dimensions corresponding to each material and the slip geometry in the metal are shown in Fig. 1 . Two cylindrical bicrystals with the misorientation shown in Fig. 1 were used to manufacture CT specimens with two orientations. The dimensions and crystallography of these specimens are shown in Fig. 2 . The first orientation, labeled CT1, is such that the crack propagation direction (x 1 ) is parallel to [11( 0] Cu , and the expected crack front (x 3 ) is parallel to [001] Cu which is the first preferred orientation for cracking observed by Peralta et al. [12] . The second orientation, labeled CT2, was chosen at 90°from the previous one, i.e., crack propagation (x 1 ) along [001] Cu and crack front (x 3 ) parallel to [11( 0] Cu (close to the second preferred direction reported in [12] ). The interface was perpendicular to the loading axis. Interfacial fatigue cracks were initiated using tension-tension loading (R # 0), which resulted in an applied DK I of about 2 Mpa m 1/2 (far field).
Results

Compact-tension specimen
The crack in the CT1 sample nucleated at the notch and propagated quickly along the [11( 0] Cu direction, as expected since this was the preferred crack growth direction reported in [12] . This crack arrested at a maximum penetration of about 3 mm, and kinked into the sapphire following the trace of a {101( 1} plane, which can be deduced from the long section of the crack front that was parallel to the trace of this plane just before the kink, as shown in Fig. 3 . The Cu fracture surface had large regions almost free of features, but also showed an area where macroscopic marks showed the initial crack advance (Fig. 3) . These marks are probably crack arrest locations and are not parallel to the traces of the available slip planes. Higher magnification observations did not reveal any striationlike markings between them, which suggests that the fracture was mostly ''brittle'' in nature. The sample with the second orientation, CT2, showed a completely different behavior. Heavy slip band activity at the notch in the metal side, as shown in Fig. 4 for increasing number of cycles, seems to have blunted the notch tip and favored cracking in the sapphire. The crack propagated mostly through the sapphire (Fig. 5) , and made it to the interface in a narrow region located around the middle of the initial unbroken section, only to kink back into the sapphire. The interfacial crack left well-defined striations on the Cu side. These striations where inclined approximately 28°from the expected macroscopic crack front direction (parallel to [11( 0] Cu ) as shown in the right side of Fig. 5 . Note that they are regularly spaced and they ''wiggle'' instead of being completely straight. They also run along a direction, approximately parallel to [4( 43] Cu , that is not related to the traces of any of the four available {111} slip planes, which are also shown in the figure. The crack front orientation for the CT2 specimen (28°) was close to the orientation of the crack front resulting in a minimum mode II mix, according to the calculations presented by Peralta et al. [12] . However, they used hexagonal symmetry for sapphire in their calculations and did not establish correlations with either crack opening displacements or the energetics of dislocation nucleation from the crack tip. In order to explore possible correlations with these variables, a refined elastic analysis of the crack tip fields is undertaken in the next section.
Analysis of near-tip fields
It was decided to use the same model adopted by Peralta et al. [12] , i.e., the one presented by Qu and Bassani [16] . This model is based on the near-tip elastic fields for a plane strain crack between two anisotropic materials, as derived from the elastic solution to a Griffith crack along a bimaterial interface. The behavior of the near-tip fields for this case, as affected by the variation of the material properties due to the anisotropy, should resemble qualitatively that of the actual crack in the CT specimens.
The coordinate system used is shown in Fig. 6 . Note that the direction perpendicular to the crack plane is always x 2 = [110] Cu and that the crack growth direction is always x 1 , whereas the crack front is parallel to x 3 . The applied tractions in the CT specimens are assumed to be homogeneous and only mode I, i.e., along the x 2 direction. The tractions are given unitary value to have the results normalized per unit of applied stress. The tractions at the interface at a distance x 1 ahead of the crack tip for the coordinate system used are given by 
t(x
where a is the crack length, q a is the generalized applied traction vector, which is assumed to be equal to [0 1 0] T in this case, and m can be calculated as:
The term i is in turn defined as:
Finally, the matrix function Y is given by
where p is the complex argument of Y, and it depends on m, x 1 , and a (Eq. (1)).
The matrices W and D depend on the elastic properties of the two materials and are obtained using the procedure shown in [17] via the Barnett-Lothe tensors L and S. This procedure allows calculation of the elastic fields without solving the non-linear eigenvalue problem used in [16] . Further details are given by Qu and Li [17] .
Once the tractions at the interface are obtained, the mode mixes of the fields, as functions of x 1 , are calculated. The mode II mix is defined as
whereas the mode III mix is defined as
The advantage of using these definitions, which are a modification of the ones used by Bose and Ponte-Castañ eda [18] , is that the angles that result from the inverse tangents correspond to Euler angles for the traction vector at the interface, as shown in Fig. 6b . The tractions and the mode mixes change as functions of the distance from the crack tip due to the oscillatory nature of the fields [16] . These variables were then obtained along the interface at a very short distance ahead of the tip. In problems related to dislocation emission from crack tips, the length of the Burgers vector of the dislocations in the metal side has been the parameter of choice [19] to evaluate these fields. The energy release rate was also obtained in this case using the expression given by Qu and Bassani [16] , i.e.
The value of G rel was normalized by the value of the energy release rate calculated with the same procedure and loads, but using isotropic elastic properties for the two materials (G rel(i) ). [1( 010] are not equivalent for the reasons discussed above. Therefore, the analysis is carried out for both positive and negative 101( 0 directions perpendicular to the interface to find the best correlation with the observed results.
The mode II mixes and the normalized energy release rates calculated one Burgers vector ahead of the crack tip are shown in Fig. 7 , assuming that the loading axis is parallel to either [101( 0] (Fig. 7a) or [1( 010] (Fig. 7b) . The values reported correspond to a crack length of 6
The elastic properties of the materials are obtained as a function of the angle q (Fig. 6a) using the corresponding transformation rule for fourth-order stiffness tensors. These rotated tensors are then used to get W and D as functions of q. The values of the elastic properties along the principal axes used for Cu and sapphire were taken from [20] and are shown in Table 1 . Note that sapphire (h-Alumina) has the R3( c space group, which results in six independent elastic constants according to Nye [21] . Those six constants can be used to generate mm. Note that the angular location of the local maxima and minima correlate well with the preferred crack growth directions observed in the CT specimens as well as with those reported in [12] . The lowest mode II mix absolute values, local maxima in this case, are located at about 29 and 151°, and the highest absolute values, local minima, are located at 90°for both cases. These results differ from those presented by Peralta et al. [12] in that they are not symmetric about 90°because of the trigonal symmetry of sapphire. The effect of changing the sign of the normal to the interface in the sapphire side is to switch the magnitude of the local maxima. The absolute value of mode II mix for [1( 010] at 29°is about 7% lower than the corresponding value at 151°. This difference is likely to be higher than the error derived from the numerical computations used; hence, the difference should be relevant. Fatigue crack growth along paths with minimum mode II is a well-known criterion for crack growth under mixed mode loading [22] . Note also that the maximum energy release occurs for q 90°, which correspond to a crack front parallel to [001] Cu and growth direction parallel to [11( 0] Cu . Furthermore, the energy release rate at 29°is higher than that at 151°for the [1( 010] loading axis in sapphire. These facts favor the choice of the [1( 010] loading axis; therefore, the rest of the fields will be calculated for that case.
The CTOD vector D was also calculated using the expression derived in [16] (8) where x is the distance behind the crack tip. Inter-penetration can be neglected for the values of m and loading phase used here, as discussed in [23] . The mode I opening, Du 2 , which will be considered representative of the CTOD, was calculated forx =b and the results normalized using the values obtained for isotropic elastic properties, Du 2(i) . The variation of Du 2 /Du 2(i) and the mode III mix as functions of q are shown in Fig. 8 . Note that the mode I CTOD is also higher at 29°than at 151°, with a clear maximum at 90°. The mode III mix was not affected significantly by the choice of loading axis in the sapphire side. The values of this variable for the observed preferred directions, 0.02 at 29°and 0 at 90°are low compared to the maximum values (# 0.14). It is likely that the mode III mix did not play a significant role in the fracture process.
The presence of striations on the metal fracture surface suggests that dislocation activity must play an important role, perhaps in terms of the energetics of dislocation nucleation from the interfacial crack tip. An analysis to examine this possibility is undertaken in the next section.
Dislocation nucleation from the crack tip
Beltz and Wang [1] and Wang [11] have found good correlations between the energetics to nucleate a dislocation from an interfacial crack tip and directional effects during fracture experiments in gold/sapphire and Cu/sapphire bicrystals. Given that the same bimaterial system is being used here, the model adopted by Wang [11] , based on a modified Rice-Thomson model [19] , will be used here to try to find correlations with the observed behavior. This formulation, which is based on isotropic elasticity, has been modified to try to account for anisotropy. The criterion for dislocation nucleation can be written, according to [11, 19, 23] , as
where the angles % and %are defined in Fig. 6b and represent the local phase angles. The terms S I , S II and S III take into account the effects of the loading modes and can be expressed as [23] 
where i is the angle between the slip plane and the fracture surface and is the angle between the Burgers vector and a line contained on the slip plane that is normal to the crack front, as shown in Fig. 9 . Note that the functions described in (Eqs. (10a), (10b) and (10c)) are strictly valid for the isotropic case. However, these functions have provided good correlations for the behavior of anisotropic bicrystals [11, 19, 23] . In addition, the value of m used in this work is that resulting from the anisotropic analysis. Similarly, the angles % and % in Eq. (9) are also related to the mode mixes from the anisotropic solution (Fig. 6b) . Note that effects of mode III have usually been ignored [11, 19, 23] , since in the isotropic formulation mode III is decoupled from modes I and II; therefore, if no mode III loads are applied, no anti-plane tractions should appear at the interface. In the anisotropic fields, all modes are coupled and a mode III component may appear at the interface, even if only mode I loads are applied. The formulation proposed here should be able to account for these effects, at least qualitatively. The right-hand side of Eq. (9) can be expressed as [11] 
where A 0 is a pre-logarithmic factor for the energy of a circular shear loop, m is a factor that arises from the self-energy of a semi-circular shear loop, k ledge is the energy of the ledge produced at the crack tip due to dislocation emission and r 0 is a dislocation core cut-off radius. Detailed information on these terms can be found in references [11, 19, 23] . All material properties, slip geometry and Burgers vectors correspond to the metal side [11, 19, 23] . Representative numerical values for the required variables can be found in [23] for A 0 $ Gb 2 /10, k ledge /yA 0 $ 0.3, and m 1.5. Ref. [19] estimates r 0 2/3b. Therefore, the right-hand side of Eq. (11) can be evaluated.
In isotropic materials, the magnitude of the stress intensity needed to produce dislocation nucleation is taken to be the magnitude of a complex number K such that Kb im = Ke i% [11] . In this work, the anisotropy has been taken into account using the formulation by Qu and Bassani [16] by redefining K to be the magnitude of the vector K Y(b im )k. Note that K has the same phase angle as the interface tractions since k is defined as [16] 
Therefore, the vector K can be obtained as
(13) The critical value of K for dislocation nucleation can be obtained from equations Eqs. (9), (10a), (10b), (10c) and (11)) and the full vector can be constructed via (Eq. (13)) using the mode mixes calculated from the tractions. Note that K must have units of Pa m 1/2 . The energy to nucleate a dislocation can then be calculated as [16] 
where
W.
One limitation of this model is that the trace of the slip plane on the fracture surface must be parallel to the crack front. Peralta et al. [12] suggested that the noncrystallographic striations observed on the fracture surface for the second preferred crack growth direction were the result of alternating activation of at least two slip planes. One plane must have a trace at q= 0°, with (111) at i=35°or (111( ) at i= 145°as two possible candidates, and another at q= 55°, which is satisfied by (11( 1) at i= 90°. This implies that the macroscopic crack front is actually a ''composite'' line made of small segments parallel to each trace. Evidence for this can be seen in Fig. 5 . It is also likely that the arrest marks observed on the fracture surface of the CT1 specimen ('brittle' direction) are made in a similar fashion, by combining slip traces at 55 and 125°.
The analysis showed that, at q=0°, the minimum energy for dislocation nucleation corresponds to emitting a partial with = 0°. At q=55°the least energy is spent nucleating a partial at = 30°, whereas at = Fig. 9 . Slip geometry at the crack tip used for the dislocation nucleation analysis. This could enhance crack advance to the point that the crack can grow without excessive plastic blunting.
The observed striations in the CT2 specimen are approximately located at 28°from [11( 0] Cu . Note that this angular range agrees quite well with the angle for minimum mode II mix, which is about 29° (Fig. 7b) . The energy release rate for this configuration is not maximum (it is about 16% lower than the maximum), but the mode II mix is a minimum. This is also a criterion for mixed mode crack propagation [22] . This is in addition to the opening effect produced by the negative shear discussed above. The results shown here and in [12] suggest that when the crack can grow along any direction (as in the cylindrical specimen used in [12] ), it prefers to follow the direction of maximum energy release rate and/or mode I CTOD first and the minimum mode II mix second. If the crack growth direction is imposed, as in the CT specimens, the crack chooses the closest favorable configuration. This was the highest energy release rate and mode I CTOD for sample CT1 and for the CT2 specimen the crack front rotated to the configuration with the lowest mode II mix. The experiments confirm that the CT1 orientation favors crack propagation along the interface, probably by a decohesion mechanism, since the Cu fracture surface does not show heavy crack blunting. In contrast, energy is spent producing plastic deformation in the Cu side for the CT2 orientation. This must increase the interfacial toughness, since the crack propagated mostly through the sapphire for this orientation. The nucleation of dislocations from the crack tip could have a role here. However, the interpretation of the results shown in Fig. 10 is complicated because the crack fronts are not parallel to the traces of the available slip planes for the preferred directions.
Note from Fig. 10 that the energy to nucleate a partial dislocation for q=0°(crack growth along [001] Cu ) corresponds to i= 145°. The asymmetry of the energy required to nucleate a dislocation for the two slip planes at 0°is due to the negative value of the mode II loading at the crack tip. This negative shear should favor slip on the plane inclined backwards with respect to the crack growth direction, (111( ). Given that the ''ductile'' crack growth in the CT2 sample produced striations that were a composite of slip lines at 0 and 55°, the energy spent to nucleate dislocations along the second preferred direction is probably proportional to the sum of the energy required for each case. The sum of these energies is about 2.1 J m − 2 . However, the energy to nucleate a partial dislocation is lower for planes with traces at q= 55°(11( 1) and q=125°(11( 1( ), both with i=90°. Note that the crack arrest marks observed for growth along 110 Cu are probably a composite of these two slip traces. The sum of the corresponding energies for this case is about 1.
A comparison of the energies required would suggest 125°the minimum energy corresponds to a partial at q = 30°. A plot of G disl as a function of i is shown in Fig. 10 . Values for the three slip planes mentioned are shown as well. The curve for q = 125°is almost identical to the curve for q = 55°, so it is not shown.
Discussion
The crack that propagated more easily along the interface grew along a direction, parallel to [11( 0] Cu , that has the maximum energy release rate (Fig. 7) , which is one of the criteria used for mixed mode crack growth [22] . The fact that this is also the orientation with the maximum absolute values of mode II mix complicates the interpretation of the results. However, Peralta et al. [12] , suggested that the negative mode II mix obtained (negative shear stress) could induce an opening effect at the crack tip. Bose and Ponte-Castañ eda [18] discussed this effect for a similar shear configuration at an interface between a ductile and a rigid material, which should make a good approximation to the Cu/sapphire combination used here.
Note that the preferred crack growth direction also corresponds to that with the maximum mode I CTOD for the given misorientation and applied loads. Most kinematical models for fatigue crack propagation agree on establishing a proportionality between the mode I CTOD and the crack advance [13] [14] [15] 24] , i.e., the higher the mode I CTOD the higher the crack advance per cycle. Therefore, the ''brittle'' behavior observed for the 110 growth direction could simply indicate that, for a given level of loading, a crack growing along that direction can advance a longer distance per cycle than along any other direction on the plane of the interface. that the ''brittle'' and ''ductile'' crack growth directions should be the reverse of those observed experimentally. A way to explain the discrepancy is by turning to the kinematics of fatigue crack propagation. In the model proposed by Peralta and Laird [15] , the ''efficiency'' of a slip plane to produce fatigue crack advance via plastic blunting is given, approximately, by cos i sin 2 i. The planes likely to produce blunting for the ''brittle'' direction, i.e., those with i=90°, have zero efficiency. On the other hand, the planes with i =35 and 145°, which can produce blunting along the ''ductile'' direction, have efficiencies different from zero.
In order to verify if the correlations found apply to other misorientations, the Cu/sapphire bicrystal tested by Beltz and Wang [1] is analyzed. The geometry of the specimen they used is shown in Fig. 11 . The crystallography of the Cu crystal was shown in [1] , but the crystallography of the sapphire was not fully defined, and it was only reported that the interface was parallel to the basal plane. It was assumed that the x 3 , direction was parallel to [101( 0] (Fig. 11 ). In addition, the fields were evaluated using h = 1 mm, instead of the crack length, as suggested by the geometry of the specimen [1] . The sample used in reference [1] was loaded in four-point bending, which resulted in a phase angle of − 52°for the applied loads. In order to simplify the analysis, it was assumed that the near-tip fields obtained by Qu and Bassani [16] also apply to this case. The applied traction vector q a . was taken as [ −sin 52 o cos 52 o 0] T , to have a unitary traction vector with the right phase angle. A rotation scheme similar to that shown in Fig. 6 was implemented, with the rotation axis parallel to [2( 21( ] Cu for this specimen. q =0°corresponds to growth along [11( 4( ] Cu , which was termed the ''ductile'' direction, whereas q =180°corre-sponds to growth along [1( 14] Cu , the ''brittle'' direction. The calculations resulted in a local phase angle % between −72 and −76°, depending on the value of q, for a distance of one Burgers vector ahead of the crack tip. This agrees well with the value of −79°predicted by the isotropic model used in [1] . The relevant field quantities are shown in Fig. 12 .
Not all the plots in Fig. 12 have the same values at q =0°and q = 180°. This should be expected, since the planes at the interface do not have twofold symmetry. The same correlations established before apply in this case. The direction for which interfacial cracking is preferred, [1( 14] Cu , indeed shows a higher energy release rate than the ''ductile'' direction. There is, however, only a 5% difference for this variable between the two directions. The most significant difference can be observed in the crack opening. The mode I CTOD for the ''brittle'' direction, q= 180°, is almost 20% higher than that for the 'ductile' direction, q= 0°, for the same level of applied stress. Hence, crack propagation should be favored along the 'brittle' direction. Regarding the effect of plastic blunting, the slip plane capable of blunting the crack tip along the brittle direction has i=15° [ 1] , which means that the 'efficiency' for that plane is cos 15°sin 2 15°=0.065. The slip plane for the 'ductile' direction has i= 55°and the ''efficiency'' is 0.385. Therefore, the 'brittle' direction has a low plastic blunting efficiency compared to that of the 'ductile' direction.
Conclusions
(1) The results obtained show that there are two preferred directions for crack propagation along the studied Cu/sapphire interface, with one of these directions taking preference over the other. The first preferred crack direction corresponds to growth along the [11( 0] Cu direction and the second is at 28°from [001] Cu .
(2) The propagation of the fatigue crack at the interface studied here is probably due to a combination of plastic blunting via crystallographic slip and brittle debonding processes, since there are large regions at the fracture surface that are free of features and the crack arrest markings did not correspond to the traces of the {111} slip planes with ''forward'' configurations, which is usually the case during fatigue crack growth in single crystals and bicrystals of ductile metals [13] [14] [15] , where this configuration leads to enhanced fatigue crack growth.
(3) The preferred directions for crack propagation observed for the particular misorientation studied correlated fairly well with the results of an anisotropic elastic analysis of the variation of the fields at the crack tip as functions of the orientation of the crack front on the plane of the interface. It was found that the first preferred direction coincides with an orientation where the energy release rate and the mode I CTOD are maximized. The second preferred direction corresponds to a minimum absolute value of the mode II mix.
(4) Analysis of interfacial fatigue crack propagation in Cu/sapphire bicrystals reported in the literature confirmed that directions with higher energy release rates and mode I CTODs correlate with observations of 'brittle' fracture. In addition, 'brittle' directions for the two cases analyzed had low values of the plastic blunting efficiency factor proposed in [15] . These facts suggest that directions with high mode I CTOD and energy release rates, as predicted by the elastic analysis, and unfavorable kinematical configurations for crack advance via plastic blunting would result in brittle fracture. These variables then need to be considered while studying fracture along metal/oxide interfaces in addition to the energetics to nucleate dislocations from the crack tip.
